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Abstract

2 2 3 3 22q Ž .The 3s 3p P – P transition in the Si-like ion Kr has been studied using an electron beam ion trap EBIT . A new1 2
Ž .wavelength value, 384.14"0.02 nm, results from employing a novel spectrometer system that combines high speed and

higher spectral resolution than applied before. The spectral resolution is high enough to observe source broadening. A new
wŽ . x Ž .lifetime measurement 6.82"0.1 ms differs from previous results including our own and now corroborates semiempiri-

cally scaled calculations. q 2000 Elsevier Science B.V. All rights reserved.

PACS: 32.70.Cs; 32.30.Rj; 39.90.qd

1. Introduction

Electric-dipole forbidden transitions between the
fine structure levels of the ground configuration of
highly-charged ions are well established tools of
plasma diagnostics, indicating the presence of spe-
cific charge states and thus of elemental species and

w xrough range of plasma temperature 1,2 . For exam-
ple, the identification of some of the solar coronal
lines with fine structure transitions in highly-charged
ions revealed that the corona is much hotter than the
underlying photosphere. We are engaged in a series
of experiments that aim at improving the knowledge
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on such transitions, for wavelengths and transition
Ž .rates, by using an electron beam ion trap EBIT . As

a test case for the study of technical problems and
new equipment, we have chosen the transition 3s2 3p2

3P –3P in the Si-like ion Kr 22q which under appro-1 2

priate running conditions of EBIT gives rise to the
most intense line in the visible Kr spectrum. The line
has been observed in a tokamak fusion test plasma

Ž . w xbefore, at a wavelength of 384.09"0.03 nm 3,4 .
Its transition rate has been measured twice before,

w xboth times using an EBIT 5,6 . However, all earlier
EBIT lifetime measurements on transitions in the

w xvisible spectral range 5–7 remained notably less
precise than corresponding measurements in the X-
ray range that count among the most precise atomic
lifetime measurements available on few-electron ions
w x8,9 . The preceding experiment on Kr at NIST

w xGaithersburg 5 , for example, suffered from a con-
siderable scatter of the results of individual data runs
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and was quoted with an 8% lifetime error estimate,
w xwhile the preceding LLNL experiment 6 reached an

Ž .uncertainty of 5% estimated from intrinsic factors ,
but was suspected of possible systematic error due to
a measurement with only poor spectral resolution
Ž .using a prism spectrometer without exit slit .

The new experiment aimed at both a better spec-
tral resolution and a much higher signal-to-noise
ratio. For this goal, the new EBIT experiments started
out with a novel transmission grating spectrometer
w x10 that promised both higher speed and much
higher spectral resolution than were available before.
For the atomic lifetime measurement, a new high-
transmission imaging system was constructed that
promised data rates leading to much better statistical
reliability than had been achieved in earlier experi-
ments, and also much better spectral resolution than
in the preceding broad-band prism spectrometer

w xmeasurement 6 .

2. EBIT

Ž . w xThe electron beam ion trap EBIT 11 is a
room-size device that provides low-kinetic energy

w xions of any charge state 12 . This compares
favourably with the one other known such device
that produces such highly charged ions, the much
larger heavy-ion accelerator. Key to the study of
many physics topics treated with EBIT is precision
spectroscopy, from the X-ray range to the visible.
Due to the absence of Doppler shifts, this is more
straightforwardly achieved at EBIT than at fast ion
beams.

EBIT has demonstrated that its low particle den-
Ž 9 3.sity F10 atomsrcm permits the appearance of

radiative decays from levels with many-ms lifetimes
Ž .and, thus, the study of magnetic dipole M1 transi-

tions between fine structure levels in ions as highly
57q w xcharged as Au 6 . In fact, such M1 transitions in

somewhat lower-charge state ions tend to dominate
the visible spectra of Ar, Kr and Xe that have been

w xrecorded at EBIT 6,13,14 . However, the wave-
lengths of these forbidden lines are difficult to pre-
dict precisely, and experiment would have to identify
single lines in a correspondingly wide wavelength
range. Therefore experiment needs a number of other

parameters beyond the wavelength prediction to
identify individual forbidden transitions.

By varying the energy of the electron beam in
EBIT, production thresholds for individual lines can
be established that help line identification. For exam-
ple, using a low-resolution prism spectrometer, Cre-

w xspo et al. 14 have studied Kr and found a number
of strong lines in the wavelength range 380–640 nm
that are assumed to arise from M1 transitions. By
their appearance thresholds, these lines are associ-

Žated with Si- to V-like ions of Kr 384 nm Si-like,
403 nm Ar-like, 450 nm Ca-like, 520 nm Ti-like or
V-like, 521 nm Ca-like, 541 nm K-like, 545r546 nm
Ca-like, 551 nm Ca-like, 579 nm Ar-like, 637 nm

.K-like , but only for some of the lines has an actual
w xclassification been achieved 14 .

Last, but not least, the experience gained in our
X-ray lifetime measurements indicates that a proper
choice of EBIT running conditions might be crucial

w xfor clean lifetime data, too 9,15 . The present mea-
surements have been done on Livermore’s EBIT-2,
which for most practical purposes in the present
context has parameters similar to SuperEBIT in the

Ž w x.same laboratory used in the precursor work 6 , but
has a slightly higher gas load and thus slightly
poorer vacuum. In none of the present EBITs the
pressure in the very trap volume can be measured

Ždirectly only in the adjacent wider spaces that are
not quite as well cooled by the liquid He. However,

Žcharge exchange measurements ion survival mea-
.surements revealed a notable difference in colli-

sional loss rates of ions in both devices.

3. Spectroscopic measurement

The Lawrence Livermore National Laboratory
Ž .LLNL EBIT laboratory has the most experience
and the most extensive spectroscopic equipment, so
that systematic studies are most feasible here. Re-
cently, a transmission grating spectrometer with an

Žextremely high diffraction efficiency grating up to
about 90% into a single diffraction order, for wave-

. w xlengths near 360 nm 16 and consequently a high
throughput was constructed at LLNL that at the same
time delivers much higher resolution than many other
spectrometers of similar size, with line widths down

Ž .to 0.1 nm for our slitless operation on EBIT . This
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instrument images the narrow elongated ion cloud in
EBIT onto the detector without any mechanical en-
trance slit, thus using the available light optimally.
The ion cloud is mostly defined in width by the 70

w xmm diameter electron beam 17 . A translatable CCD
camera with a 25 mm wide active region permits the
recording of overlapping spectra of about 10 nm
spectral width in the vicinity of the Kr line of

Ž .interest Fig. 1 . EBIT operating conditions were
varied, such as varying the electron beam energy
below and above threshold for the ion of interest,
and setting the middle drift tube potential so that
trapping was either allowed or prevented. For our

Ž 22q.charge state of presently primary interest, Kr ,
the production threshold is near 1 keV electron
energy, and the optimum production is near 1.4 keV.
At higher electron beam energies than these, higher
charge state ions are produced, and qs22q be-
comes a minority and then transient charge state in
the ionization chain. However, with a steady electron
beam and a continuous Kr gas influx, the strongest
Kr 22q line in the EBIT spectrum persists up to
electron energies of many keV. The electron beam
current reached 100 mA to 160 mA for electron
energies of several keV, whereas at lower electron

Ž .energies the attainable current and thus the signal is
lower.

Fig. 1. Survey spectrum of Kr, with the Kr 22q line at full scale.
At 5.2 keV, the electron beam energy is far above the 1 keV
production threshold for Kr 22q. The continuum at the foot of the

Ž .line discussed in the text is present also in spectra at 1.35 keV,
but has a somewhat different shape.

During injection of Ne or Kr, quite a number of
weak spectral lines showed up in spectra recorded
with or without actual ion trapping. Their small

Žwidth confirmed the good spectral resolution lrDl

.G5000 of the spectrometer. Their presence under
both conditions reveals that they relate to low charge
state ions of elements Ne or Kr streaming through
the gas injector into the EBIT chamber, reaching the
radiating charge state by collisions with the electrons

Žin the beam but without the need to be trapped see
w x.also 18 . The decisive wavelength reference data

w x19 are for lines that are known with high wave-
length precision since the 1930s, but many of which
have defied detailed assignment beyond elemental

Ž .species and possibly charge state ever since.
In our range of study, 365 nm to 404 nm, five

spectral lines showed only when the voltages applied
to the drift tubes permitted trapping. This suggests an
association of these lines with transitions in higher-

Žcharge state ions. For four of the lines 366.66 nm,
Ž 22q..378.59 nm, 379.28 nm, 384.14 nm Kr wave-

lengths have been determined to "0.02 nm. For the
Ž 18q w x.line at 402.69 nm Kr 14 there is no new

wavelength determination yet because of the intri-
cacy of the necessary wavelength calibration. The
first three of the above lines are only a little broad-
ened beyond the line width of the reference lines
Ž .linewidth FWHMf0.07 nm versus 0.04 nm . This
may either indicate a relatively low charge state or a
short atomic lifetime that lets the ions radiate before
they leave the trap volume. The latter two lines,
however, which are known to originate from high

Žcharge state ions, are massively broadened FWHM
.f0.15 nm . Several of the narrow background lines

appear close to or even within the much wider line
22q Ž .profile of the strong Kr line see Fig. 2 .

Measurements show that the ion temperature
ranges from 0.5 to 1.5 keV for the trapping condi-

w xtions of the present experiment 20 . At 1 keV ion
Ž .energy, the Doppler line width FWHM for Kr ions

is of order 0.08 nm. Obviously, our reference lines
are from ions of much lower energy, as their emis-
sion lines are narrower. Explaining the full line
width of the highly-charged ions by Doppler broad-
ening would require an ion energy of order 4 keV,
which is not likely. Instead, we consider much of
this line broadening to reflect the source size. This
source size apparently is different for ions of differ-
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Fig. 2. Spectra of Kr in the same range as in Fig. 1, but with a
signal scale expanded in order to enhance the spectral features of

Ž . Ž .lower intensity. a Electron energy 5.2 keV, trap on; b electron
energy 5.2 keV, trap off.

ent charge state, and it relates to the production and
trapping mechanism. Axial confinement in the trap is
achieved by drift tubes at different potentials: more
highly-charged ions experience higher potential walls
Žproportional to eqU, with elementary charge e,

.charge state q and potential difference U and con-
sequently are better trapped axially. This axial poten-
tial resembles a square well, and all ions are con-
fined to about the same trap length. Radial trapping,
in contrast, is achieved by the electron beam, the

Žpotential of which is falling off radially ‘soft poten-
.tial’ . The radial confinement is assisted by the

strong magnetic field that suppresses a flow of
charged particles across the field lines.

The observation of significantly broadened spec-
tral lines from highly charged ions implies that some

of the ions, after so many ionizing collisions, are
energetic enough to gyrate notably out of the main
trap region, that is, out of the volume reached by the
electron beam. This behaviour affects the ionization
balance, as for a major part of their orbit the ions are
no longer exposed to the electrons that may effect
both ionization and recombination. The ion heating
effect underlying the source broadening has been

Ž w x.noted before see the review by Donets 21 , but our
experiment visibly demonstrates the ion-cloud ex-
pansion effect that is caused by the higher thermal
energy of highly charged trapped ions by means of
optical spectroscopic observation and thus comple-
ments measurements performed with X-ray imaging

w xmethods 22,23 .
Some of our highly resolved spectra showed an-

other wide spectral structure adjacent to the Kr 22q

line, on the short-wavelength side of the line of
interest and merging with it. This wide, continuous
structure appeared only under trapping conditions
and only near the Kr line of interest, not with other
bright lines. By a systematic electron beam energy
variation it was ascertained that the ‘continuum’
showed exactly in coincidence with the strong Kr 22q

line. This simultaneity hinted at a common origin of
the line and its ‘satellite’, perhaps caused by a
chance optical effect like internal reflection in the
spectrometer that becomes visible only with the
strongest line. While slight rotations of the spectrom-
eter lenses around a vertical axis showed the appear-
ance of imaging errors with increasing rotation an-
gle, the ‘satellite’ line persisted. A similar rotation of
the thin quartz plate that carries the grating structure,
however, had a very specific new effect: Only in a
very narrow angular range, apparently selected in the
optimization during the setting-up process of the
spectrometer, the image of the line of interest be-
comes particularly bright on the detector, and then
also the ‘satellite’ rises above the ordinary weak
lines and the background level. We cannot offer a
detailed physical explanation of this effect, but we
point out that the grating design is based on a
specific geometry with 608 deflection to be achieved

w xfor the third harmonic of Nd:YAG laser light 16 .
Our set-up, being only close to that geometry, but
not working exactly at that particular wavelength,
may suffer the appearance of a new version of a
grating ghost as is known from reflective grating
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spectroscopy. No such ghosts have been seen of the
weaker lines. However, at the same intensity ratio
they would likely be hidden in the background noise.
By the way, the Kr 22q line remains the strongest
line in the visible EBIT spectrum of Kr even when
avoiding this ghost effect. However, as the shape of
the line when using the transmission grating spec-
trometer may be slightly distorted, as well as there
are foreign lines within the line profile, this limits
the precision with which the wavelength of the line
of interest can be determined.

4. Decay curve measurements

CCD cameras, as employed in the transmission-
grating spectrometer, are not suited to time-resolved
operation in the sub-second cycling mode of EBIT
lifetime measurements because of their long read-out
times. Instead, a regular low-noise photomultiplier
ŽHamamatsu type R2557, 1r2’’ diameter, end-on

.cathode, 401K spectral sensitivity curve was used in
Žcombination with an optical bandpass filter mean

.wavelength 385 nm, band pass 5 nm . Optical cou-
pling of the ion trap volume to the photomultiplier
was by two fr4 lenses of 10 cm diameter, position-
ing the detector more than 1 m away from EBIT and
its associated magnetic fields. The trap was run in a
cycling mode; within about 0.1 s the ion cloud was
established, as could be seen from the saturation of
the optical signal. Then the electron gun anode and
beam acceleration voltages were switched off within
less than 0.1 ms, and the decay was observed for an
interval of 50 ms to 80 ms, which is a high multiple
of the expected atomic lifetime. The ion production
and optical decay cycle ran at a frequency of about 5
Hz; every about 5 s the ion cloud was dumped from
the trap in order to counteract the usual accumulation
of heavy-ion contaminants.

The detector signal pulses were time stamped and
collected by a multi-channel event mode system
synchronized to the EBIT timing pattern. The time
base was established by a free-running 100 kHz
frequency generator. The time stamp represented the
number of pulses of this generator between the refer-
ence pulse and the photon signal; the 10 ms jitter of
individual time stamps introduced by the non-syn-
chronized oscillator is unimportant for the present
6.8 ms lifetime that is determined from several hun-

Ž .dred data points grouped in time bins of 0.1 ms ,
each of which represents a multitude of signal events.

w xIn a companion study on Ar 24 , the gas injection
pressure was varied in three steps by an order of
magnitude. Gas injection, however, is only one of
the components of the gas load in EBIT, and thus the

Žactual pressure change in the trap volume where
direct pressure measurements are not feasible at any

.of the present EBITs will be much less. To within
the statistical scatter of the lifetime results, no depen-
dence of the optical lifetime was found. For the
present lifetime experiment on Kr, an injection pres-
sure in the middle of the tested range was used.

The middle drift tube voltage was kept 200 V
more negative than the outer drift tubes. The electron
energy was varied in several steps from about 1 keV
Ž .just below the apparent production threshold to 1.4
keV. At 1050 to 1100 eV, the signal rate was
markedly lower than at electron beam energies of
1200, 1300 or 1400 eV. This has two reasons: At the
higher of these energies, the electron beam current
Ž .38 to 52 mA was somewhat higher than at the

Ž .lower ones 29 to 35 mA . Also, the production cross
section for the desired charge state usually peaks at
an energy of a few hundred eV above threshold.
While charge states qs25q and 26q might ap-
pear at the higher electron energy, they are still far
below their production optimum, and their appear-
ance in the charge state distribution is accompanied
by a reduction of the fractions of lower charge states.

Not only the data rate was low for the runs just
above excitation threshold, but also the apparent
lifetime extracted from two curves recorded at an

Želectron beam energy of 1100 eV was slightly by a
. Žfew percent shorter than obtained from three statis-

.tically much more significant curves recorded at
electron beam energies of 1200 to 1400 eV. This
variation may result from the presence of spectral

Ž .blends, even as they are weak Fig. 1 , as they must
Ž .be relatively more important just above the excita-

tion threshold of the Kr 22q line. The total signal
Ž . 5accumulated above background exceeded 10

counts, which limits the uncertainty of the mean of
the present lifetime data to about 0.3%. A sample
curve is shown in Fig. 3. Charge exchange rate

w xmeasurements 20 performed in EBIT-2 close in
date to the present experiments indicate storage time
constants of just below 1 s. Correspondingly we
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Žcorrect our raw lifetime result from the three data
.runs at 1200 eV to 1400 eV of 6.75 ms by 1% and

add half of this systematic error to the uncertainty
budget. This uncertainty covers also a possible level
repopulation after recombination of more highly
charged ions, since under our running conditions the
charge state of interest is one of the highest present,
and more highly charged ions are much less abun-
dant to start with. The time constants of such pro-
cesses would be close to what we measure as charge
exchange rates.

However, the individual data sets yielded fit re-
Žsults that scattered by more than the small, below

.1% statistical uncertainties, indicating the possible
presence of further unidentified systematic errors at
the 1% level. We combined the listed errors in
quadrature. Thus the data sample permitted us to
determine a lifetime value of the Kr 22q 3s2 3p2 3P2

Ž .level of 6.82"0.1 ms. This is clearly more precise
w xthan the earlier data 5,6 and differs from our previ-

Ž .ous result by about 1.5 of the earlier larger error
Ž .estimate Table 1 . This trend corroborates the as-

sumption of unevaluated systematic errors in the
earlier work, as was suspected on the evidence of

w x Žunexplicable data scatter in the NIST work 5 some
of the individual lifetime results overlapped with the

.present results and the evident and discussed spec-

Fig. 3. Decay curve obtained at the position of the Kr 22q 3s2 3p2

3P –3P transition. Electron beam energy 1.2 keV. While the1 2

optical signal is monitored all the way through the trapping cycle,
only the decay part during the time when the electron beam is shut
off is shown, after subtracting a background of 600 counts per
channel.

Table1
Ž . 22q 2 2 3Radiative lifetime values ms for the Kr 3s 3p P level.2

Ž . Ž .Calculation raw and mod. refer to theoretical data before and
after modification for experimental term differences

Ž . Ž .Calculation raw Calculation mod.

w xTheory 6.46 25 6.78
w x5.83 26 6.69
w x6.85 4

w xExperiment 5.7"0.5 5
w x6.3"0.3 6

6.82"0.1 This work

w xtral blending problem in our earlier LLNL study 6 .
Two available lifetime predictions have been ob-

w xtained by Biemont and Bromage 25 using a HXR´
ŽHartree–Fock with statistical exchange and rela-

. w xtivistic corrections code and by Huang 26 who
Žused a fully relativistic MCDF multi-configuration

.Dirac–Fock code. Neither calculation reproduces
the experimental energy interval in question, which
enters the calculation of the transition rate by the
third power, and therefore both require a semiempiri-
cal correction for this shortcoming. The corrected
results are reasonably close to our present experi-

Ž .mental lifetime result Table 1 . Kaufman and Sugar
w x4 also list the transition rate. They refer to the line
strengths calculated by Huang, but possibly use their
own estimated transition wavelength and thus arrive
at a slightly different prediction from our conversion
result. We have meanwhile been informed by Dr.
J.M. Vilkas that he is undertaking a fresh calculation
of the transition rate of this transition in the Si
isoelectronic sequence.

5. Conclusion

The present measurement has obtained an accu-
rate wavelength value for a transition in the ground
state complex of Kr 22q. The line of interest appears
clearly broadened, and we see narrow reference lines
from low-charge state ions superimposed on the line
profile. Thus high-resolution spectroscopy has been
shown to yield a new handle at finding out which
line in an optical EBIT spectrum originates from
long-lived levels, by the associated source broaden-
ing. However, the interpretational problem of the
exact shape of the broadened Kr 22q line is related to
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peculiarities of the newly employed transmission
grating spectrometer and does not yet permit the
extraction of a much improved wavelength value.

Our EBIT operation and data evaluation tech-
niques, including the measurement of ion storage

Ž .times against losses due to charge exchange , has
been corroborated by good agreement of X-ray life-

w xtime measurements 8,9 with reliable predictions for
He-like ions. From our systematic tests we deduce
that our measurement of the radiative transition rates
in the visible spectral range, here of a prominent line
in Kr 22q, is significantly more accurate than the

w xearlier attempts 5,6 and now produces a value that
is substantially different from those. Agreement with
theory is reasonable after semiempirical correction of
the latter for the transition energy. We presently see
no room for a further shift of the experimental
lifetime results for Kr 22q that would be due to
unrecognized systematic errors exceeding our pre-
sent error estimate. An eventual further improvement
of the precision, however, may well become possible
after reaching a better understanding of the ion dy-
namics and charge exchange processes in EBIT. The
presently achieved lifetime precision of 1.5% already
exceeds the precision required for most applications,
but is appropriate to improve the error budgets in
various applications and to calibrate calculations.
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